Microglial response to transient focal ischemia was examined using an immunohistochemical method with a monoclonal antibody to phosphotyrosine (P-Tyr). For this purpose, a rat model of reversible middle cere bral artery occlusion for 1 h was used. Compared with results in the noninsulted hemisphere, there was a signif icant increase in P-Tyr immunolabeling of the microglia in the insulted cerebral cortex 3 h postreperfusion. This mi croglial reaction progressed up to 24 h after ischemic in sult. In the affected cerebral cortex, morphological changes of the microglia positive for P-Tyr were also ob-
served, with shortened and thickened processes, enlarged cell bodies, and ameboid features. Cell density analysis did not show any apparent change in number of P-Tyr positive microglia in the insulted cortex at 6, 12, and 24 h after reperfusion, suggesting that the cells with increased P-Tyr immunoreactivity were resident microglia. The present findings suggest that signal transduction mediated by tyrosine phosphorylation is involved in the microglial response to ischemic injury in the rat cerebral cortex. Key Words: Brain ischemia-Cerebral cortex-Microglia Phosphotyrosine-rat, response. Several cytokines, such as colony stimulating factor-l (CSF-I) and interleukin-3 (IL-3), stimulate the microglial cells and cause them to proliferate (Frei et ai., 1986; Giulian and Ingeman, 1988; Sawada et ai., 1990) . IL-3 and CSF-l are ligands for receptors having tyrosine kinase activ ity, which has been implicated in intracellular signal transductions (Kasuga et ai., 1987; Kanakura et ai., 1990; Ullrich and Schlessinger, 1990) . In addition, an immunohistochemical study has indicated that anti-phosphotyrosine (anti-P-Tyr) antibodies are a specific marker for microglial cells in the CNS (Tillotson and Wood, 1989) . If the microglial cells are activated by a certain signal after brain injury, they may exhibit alteration in tyrosine phosphory lation. Therefore, we examined microglial response to transient focal ischemia in the rat cerebral cortex using an antibody to P-Tyr.
MATERIALS AND METHODS

Animal models
Male Wistar and albino rats weighing 240-260 g were used. Under general anesthesia with a mixture of 1.5% halothane, 30% oxygen, and 70% nitrous oxide, an 18.5-mm-Iong embolus made from a 4-0 nylon thread was in serted into the internal carotid artery through a small in cision in the external carotid artery. so that the middle cerebral artery (MCA) was obstructed (Koizumi et ai., 1986; Longa et ai., 1989; Nakano et ai., 1990; Korematsu et ai., 1993) . The rectal temperature was monitored and kept between 37.5 and 38SC by a heating lamp during surgery. After discontinuation of anesthesia, the operated rats showed ischemic symptoms such as paresis of the left limbs'and circling movement. The MCA blood flow was restored by removal of the thread embolus under brief anesthesia following 1 h of MCA occlusion.
Tissue preparation
The operated animals were anesthetized with pentobar bital and perfused transcardially with phosphate-buffered saline (PBS) followed by a cold fixative solution, which consisted of 4% paraformaldehyde and 0. 1 M phosphate buffer, at 3 h (n = 6), 6 h (n = 6), 12 h (n = 5), and 24 h (n = 6) after reperfusion. The brains were postfixed in the same fixative solution for 24 h at 4°C. Sections (20 JJ.m) were prepared by a vibratome and washed in PBS. The sections were stained by cresyl-violet to assess the neu ronal damage.
Immunohistochemistry
The sections were stained with a monoclonal anti-P Tyr antibody (Sigma) or rabbit polyclonal antibodies against glial fibrillary acidic protein (GFAP; Dako). Dur ing incubation, sections freely floated in the following media: 30 min in 0.3% Triton X-I00 in PBS; 30 min in 0.15% hydrogen peroxide in 0. 1 M phosphate buffer; 1 h in PBS containing 3% bovine serum albumin (BSA-PBS); overnight in anti-P-Tyr antibody diluted 1:2,500 or anti GFAP antibodies diluted 1:2,000 in BSA-PBS; 1 h in bi otinylated antimouse or antirabbit IgG antibodies (Vec tor) diluted 1:200 in BSA-PBS; and 1 h in 1:200 diluted avidin-biotinylated horseradish peroxidase complex (Vector). The sections were washed in PBS between each step. The immunoreactive products were visualized with 3-3' -diaminobenzidine hydrochloride (0. 12 mg in 1 ml PBS) and 0.03% hydrogen peroxide.
Control study for specificity of the anti-P-Tyr antibody used in this study was performed as follows. Twenty-four hours postreperfusion, sections that were immunostained as already described except for lack of anti-P-Tyr anti body, showed no immunoreactive signals in the cortex. Also, the preincubation of anti-P-Tyr antibody for 2 h with o-phospho-L-tyrosine (1 mg/ml in BSA-PBS; Sigma) before application to sections eliminated the P-Tyr immu nolabeling in the insulted and noninsulted cortex.
To clarify whether P-Tyr was expressed on the microg lial cells, the double-fluorescence-staining technique was also used. Sections were incubated freely floating in the following media: 30 min in 0.3% Triton X-IOO in PBS; 1 h in BSA-PBS; overnight in anti-P-Tyr antibody diluted 1:2,500 in BSA-PBS; 1 h in biotinylated antimouse IgG antibodies; 3 h in 10 JJ.g/ml Texas Red-labeled streptavidin (Vector); 15 min in cation-containing PBS (0. 1 mM CaCI2, MgCI2, and MnCI2); and 3 h in 20 JJ.g/ml fluorescein isothiocyanate (FITC)-labeled Griffonia simplicifolia B4 isolectin (GSA I-B4-FITC; Sigma) in PBS with cations. As already described, the sections were washed in PBS between each step and observed under a fluorescent mi croscope.
To assess cellular specificity of the P-Tyr immunola- 1994 beling, double-fluorescence staining of anti-P-Tyr anti body with rabbit anti-GF AP antibodies or rabbit antiga lactocerebroside (anti-GC; Chemicon) antibodies were carried out. GF AP identifies astrocytes, and GC serves as a marker for oligodendrocytes. The sections were incu bated freely floating in the following media: 1 h in BSA PBS; overnight in BSA-PBS containing anti-P-Tyr anti body (1 :2,500) and anti-GFAP antibodies (1 :2,000) or anti-P-Tyr antibody (1 :2,500) and anti-GC antibodies (1 :2,000); 1 h in biotinylated antimouse IgG diluted 1 :200 in BSA-PBS; and 3 h in 10 JJ.g/ml Texas Red-labeled streptavidin and FITC-Iabeled antirabbit IgG (Cappel) di luted 1:200 in BSA-PBS. The P-Tyr-positive cells exam ined (n = 100) were all devoid of GF AP and GC immu nolabeling.
Cell counting
The sections that were immunostained with anti-P-Tyr antibody were counterstained with hematoxylin. Only P-Tyr-positive cells with nuclei were counted in the 1mm 2 area of the ipsilateral and contralateral cortices on the 20-JJ.m-thick sections at 6 h (n = 6), 12 h (n = 5), and 24 h (n = 6) after reperfusion.
RESULTS
Ischemic changes in the insulted cortex were as sessed by cresyl-violet staining. By light micros copy, neuronal degeneration was seen in the cere bral cortex and the dorsolateral part of the striatum. A small number of neurons had degenerated in the affected cortex 3 h after reperfusion. At 24 h post reperfusion, almost all neurons had disappeared in the cortex in three of six animals, while in the other animals morphologically intact cortical neurons as well as neurons with ischemic cell changes, such as shrunken cell bodies, were observed. Degeneration in the affected striatal neurons occurred earlier and was more pronounced than in the ipsilateral cortical neurons. Neuronal degeneration was observed in the insulted striatum at 3 h, and almost all neurons were depleted at 24 h.
Small P-Tyr-positive cells were detected in the noninsulted cortex. These cells had a varying num ber of branching processes and were distributed throughout the cortex, white matter, and striatum. Immunoreactivity for P-Tyr was faintly detected in the cytoplasm and processes of these small cells, and the immunoreactive products seemed to bind especially to the cell membrane (Fig. IA) . In the cortex of the insulted side, the immunoreactivity for P-Tyr of the cells bearing processes was more in tense than the immunoreactivity on the noninsulted side ( Fig. IB-D) . An increase in the intensity of P-Tyr immunoreactivity was seen at 3 h after reper fusion (Fig. lB) ; the immunoreactivity continued to increase up to 24 h after surgery. On the other hand, GF AP-positive astrocytes exhibited no apparent ,, '
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FIG. 1. Photomicrographs of immunostaining for P·Tyr show faintly P·Tyr-positive microglial cells in the noninsulted cortex (A)
and significantly increased immunoreactivity of the microglial cells in the affected cortex 3 h after transient focal ischemia (B). The microglial cells exhibit stronger intensity 12 h after reperfusion (C). At 24 h following ischemia, reactive microglial cells with retracted processes and round or oval cells (arrow) are present in the insulted cortex (0). Immunostaining for GFAP shows no apparent change of GFAP-positive astrocytes in the affected cortex 12 h following ischemia in the control side (E) or the ischemic side (F) (original magnification x200), differences between insulted cortex and the nonin suIted side 12 h after reperfusion ( Fig. IE and F) . From 3 to 6 h following insult, the majority of P-Tyr-positive cells were strongly stained with sev eral long branching processes and enlarged cell bod ies ( Fig. 2A and B) . Thereafter, cells bearing short and thick processes began to appear (Fig. 2C) , and oval cells without processes increased in the in sulted cortex from 12 to 24 h (Fig. 2D) , while the branching cells constituted a considerable number of the P-Tyr-positive cells in the ischemic area.
The number of P-Tyr-positive cells per 1 mm 2 in the cerebral cortex showed no changes 24 h after the ischemic insult. In the noninsulted cortex, there were 85. 0 ± 3.7, 87. 8 ± 1.7, and 82. 5 ± 3.2 cells / mm 2 at 6, 12, and 24 h, respectively, whereas in the insulted cortex, there were 85.3 ± 3.4, 86.6 ± 5. 0, and 79. 5 ± 1. 5, respectively. No significant differ ences were noted by t test between the insulted and noninsulted cortex at any time point measured.
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anti-P-Tyr antibody and GSA I-B4 to identify the microglial cells. All P-Tyr-positive cells in the cor tex, including round and oval cells, were also stained with GSA I-B4. Figure 2E and F shows the colocalization of these two markers on the microg lial cells in the affected cortex 12 h after reperfu sion.
DISCUSSION
Microglial cells, which are thought to react to the various types of brain injury, have generally been regarded as brain macrophages playing a critical role in the immune response, scavenging debris from degenerating neurons or other cells by their phagocytic properties; they have also been impli cated in wound healing (Del Rio-Hortega, 1956; Streit et aI., 1988; Thomas, 1992) . While the role of the microglia in neuronal degeneration or regener ation has not been clarified, some reports have in dicated neurotrophic or neurotoxic effects of the microglia. As macrophages, microglial cells may be a source of IL-l, which induces proliferation of the astrocytes and regulates the synthesis of nerve growth factor on nonneuronal cells (Giulian et a!., 1986; Lindholm et a!., 1987; Berkenbosch, 1992) . Moreover, the microglia themselves secrete basic fibroblast growth factor, which also has neuro trophic activity (Walicke et a!., 1986; Shimojo et a!., 1991) . Despite this evidence suggesting a neuro trophic effect of microglia, it has also been reported that microglia may injure neurons. Vaca and Wendt (1991) found that activated microglia release a neu rotoxin that may be inhibited by N-methyl-o aspartate receptor antagonists. In addition, microg lia have been considered a source of nitric oxide, which is a potent neurotoxic agent (Chao et aI., 1992) .
The mechanism of microglial response to brain injury remains unclear, although several in vitro studies have shown that CSF-l and IL-3 activate microglia (Frei et aI., 1986; Giulian and Ingeman, 1988; Sawada et aI., 1990) . As is the case with other cytokines, these factors are ligands for the recep tors associated with tyrosine kinase activity (Ka suga et a!., 1987; Kanakura et aI., 1990; Ullrich and Schlessinger, 1990) . Thus, tyrosine phosphoryla tion may also be involved in the activation and pro liferation of microglial cells. Tillotson and Wood (1989) have reported that an anti-P-Tyr antibody has specifically labeled rami fied and ameboid microglia. In agreement with their findings, the present study showed that P-Tyr was expressed in the resting state of microglia, as shown in the noninsulted hemisphere. The P-Tyr-positive cells were identified as microglia by double staining with GSA I-B4, which is a specific marker for mi croglia in the brain (Streit and Kreutzberg, 1987; Streit, 1990) .
Because microglial proliferation and migration of blood-borne macrophages occur 2 days after isch emic injury (Du Bois et aI., 1985a Bois et aI., , 1985b , we in vestigated microglial changes within 24 hours to as-sess the reaction of resident microglial cells. At 3 h following ischemic injury, immunoreactivity of P-Tyr was rapidly enhanced in microglial cells. At this time, neuronal degeneration was negligible in the cortex, and the microglia themselves did not show any morphological changes. In later stages (12-24 h), reactive microglial cells with retracted processes and enlarged cell bodies appeared. At 24 h after insult, round or oval cells without processes were observed in the affected cortex. Although these types of cells are considered to be reactive microglial cells, the possibility that the ameboid cells were blood-borne macrophages that migrated to the injured area has not completely been ruled out, and it is difficult to distinguish reactive microg lial cells from blood-borne macrophages. However, it appears that the increase of P-Tyr immunoreac tivity occurred in the resident microglial cells be cause this alteration was detected at 3 h when the cells did not show any morphological changes. This hypothesis is supported by our finding that there was no significant increase in the number of P-Tyr positive cells in the insulted cortex 24 h after reper fusion. Morioka et a!. (1993) reported the microglial re action following focal cerebral ischemia using a per manent-MCA-occlusion rat model, which demon strated that microglial cells respond to ischemic in sult with morphological changes and alterations of histochemical markers in staining intensity. Their data showed that the microglial reaction occurred from 1 to 14 days after ischemia, with a peak at day 2. The chronological course and severity of neuro nal degeneration in the ischemic area are different in permanent and transient MCA occlusions. The earlier microglial reaction in the transient focal isch emia than in the permanent focal ischemia may be attributed to differences in ischemic severity be tween these two models.
In conclusion, the present findings suggest that certain signal-transducing cascades mediated by ty rosine phosphorylation are involved in the microg lial response to brain ischemic injury.
